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A great research effort has been invested in estimating soil 
organic carbon (SOC) sequestration in croplands of the 

United States (Lal et al., 1998). Despite this effort, it is diffi cult 
to make comparisons among management systems or across 
regions because some reports lack bulk density information, 
unequal soil depths have been sampled, or different analyti-
cal procedures have been used. Furthermore, most experiments 
have been conducted on relatively fl at terrain where C loss by 
erosion has been low. A known limitation for comparing C 
stocks among agricultural systems is the dearth of informa-
tion from pasture lands, which occupy signifi cant arable land 

(National Agricultural Statistics Service, 2002). Therefore, 
more research is needed to better characterize potential SOC 
sequestration, especially with regard to the diversity of soil 
types and management in the Southern Piedmont and Coastal 
Plain Major Land Resource Areas (MLRAs).

The long history of exhaustive tillage and subsequent soil 
erosion has depleted SOC in the southeastern United States. 
Soil tillage buries residues, disrupts macroaggregates, increases 
aeration, and stimulates microbial breakdown of SOC (Reeves, 
1997). With sound soil and crop management, the warm and 
humid climate with a long growing season characteristic of this 
region allows high cropping intensity and biomass production, 
which translates into a high potential for photosynthetic C 
fi xation and SOC sequestration (Reeves and Delaney, 2002). 
Increasing SOC content is appealing because it has a critical 
role in improving soil quality and has signifi cant potential to 
cost-effectively attenuate the detrimental effects of rising atmo-
spheric CO2 and other greenhouse gases.

Franzluebbers (2005) compiled published data on SOC 
comparing conventional tillage vs. no-till (NT) systems in the 
southeastern United States. From 96 comparisons at 22 locations 
in the southeastern United States, SOC was 25.2 ± 11.6 Mg ha−1 
under conventional tillage (CvT) and 28.5 ± 11.3 Mg ha−1 under 
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Soil Organic Carbon Fractions and Aggregation 
in the Southern Piedmont and Coastal Plain

Quantifi cation of the impact of long-term agricultural land use on soil organic C (SOC) is 
important to farmers and policymakers, but few studies have characterized land use and man-
agement effects on SOC across physiographic regions. We measured the distribution and total 
stock of SOC to a depth of 20 cm under conventional tillage (CvT), conservation tillage (CsT), 
and pasture in 87 production fi elds from the Southern Piedmont and Coastal Plain Major 
Land Resource Areas. Across locations, SOC at a depth of 0 to 20 cm was: pasture (38.9 
Mg ha−1) > CsT (27.9 Mg ha−1) > CvT (22.2 Mg ha−1) (P ≤ 0.02). Variation in SOC was 
explained by management (41.6%), surface horizon clay content (5.2%), and mean annual 
temperature (1.0%). Higher clay content and cooler temperature contributed to higher SOC. 
Management affected SOC primarily at the soil surface (0–5 cm). All SOC fractions (i.e., total 
SOC, particulate organic C, soil microbial biomass C, and potential C mineralization) were 
strongly correlated across a diversity of soils and management systems (r = 0.85–0.96). The 
stratifi cation ratio (concentration at the soil surface/concentration at a lower depth) of SOC 
fractions differed among management systems (P ≤ 0.0001), and was 4.2 to 6.1 under pas-
tures, 2.6 to 4.7 under CsT, and 1.4 to 2.4 under CvT; these results agree with a threshold value 
of 2 to distinguish historically degraded soils with improved soil conditions from degraded 
soils. This on-farm survey of SOC complements experimental data and shows that pastures and 
conservation tillage will lead to signifi cant SOC sequestration throughout the region, resulting 
in improved soil quality and potential to mitigate CO2 emissions.

Abbreviations: CMIN, potential C mineralization; CsT, conservation tillage row cropping; CvT, 
conventional tillage row cropping; MLRA, Major Land Resource Area; MWD, mean-weight diameter; 
POC, particulate organic carbon; SMBC, soil microbial biomass carbon; SOC, soil organic C; SOM, 
soil organic matter.
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NT, in which the sampling depth was 19 ± 5 cm. The increased 
rate of SOC sequestration in NT compared with CvT was 0.42 
± 0.46 Mg C ha−1 yr−1. Recent SOC sequestration rate estimates 
from NT compared with CvT management systems in other 
regions of the United States include: 0.48 ± 0.59 Mg C ha−1 yr−1 
in the central United States (Johnson et al., 2005), 0.30 ± 0.21 
Mg C ha−1 yr−1 in the southwestern United States (Martens et 
al., 2005), and 0.27 ± 0.19 Mg C ha−1 yr−1 in the northwestern 
United States and western Canada (Liebig et al., 2005). Lal et al. 
(1998) estimated a value of 0.5 Mg C ha−1 yr−1 for the entire 
United States. From an earlier literature review on SOC storage 
in croplands that included 111 comparisons across the United 
States and Canada, Franzluebbers and Steiner (2002) outlined 
a geographical area in North America having the highest SOC 
sequestration potential with adoption of NT that included the 
central and upper southeastern United States. Clearly, adoption 
of conservation tillage (CsT) in the Piedmont and Coastal Plain 
regions has a high potential for SOC sequestration.

Under similar macroclimatic and management history, the 
less disturbed the soil, the greater the SOC content. Increasing 
SOC content with less disturbance can be attributed to slower 
decomposition in the surface residue layer as a result of less favor-
able microclimatic conditions for microbial activity. Climatic 
conditions are expected to infl uence soil organic matter (SOM) 
contents. Jenny (1941) observed that total soil N increased with 
increasing precipitation and declining temperature. Therefore, 
each macroclimatic region will have a characteristic range of 
SOM content. How management interacts with climatic condi-
tions in affecting SOC changes is of interest.

Soil organic matter contains 50 to 58% C (Nelson and 
Sommers, 1982) and is a complex mixture of organic com-
pounds with different turnover times (Christensen, 2001). 
Different pools of SOM have been conceptualized for model-
ing SOC dynamics (Skjemstad et al., 1998). Since the turnover 
of SOM is a biological process that depends not only on the 
chemical composition of the substrate but also on the nature of 
its association with mineral particles (soil structure), methods 
have been developed to isolate fractions according to the size and 
density of individual soil particles or aggregates (Christensen, 
2001). The particulate organic matter (Cambardella and Elliott, 
1992) is an uncomplexed fraction of SOM composed of par-
ticulate (>0.05 mm), partially decomposed plant and animal 
residues, fungal hyphae, spores, root fragments, and seeds. 
This fraction provides a substrate for microbial activity and is 
an important agent in the formation of macroaggregates. It is a 
fraction that lies intermediate between litter (fast turnover) and 
mineral-associated SOM (slow turnover). Soil microbial bio-
mass C (SMBC) and potentially mineralized C (CMIN) are 
considered active fractions of SOM. These active fractions are 
important for supplying plant nutrients, decomposing organic 
residues, and developing soil structure (Franzluebbers et al., 
2000a). Particulate organic matter, SMBC, CMIN, soil aggre-
gation, and the stratifi cation ratio (i.e., a soil property at the 
soil surface divided by the same soil property at a lower depth) 
are important indicators of dynamic soil quality because they 
are responsive to changes in soil management (e.g., pastures to 
croplands or CsT to CvT agriculture) (Franzluebbers, 2002; 
Wander, 2004).

Well-developed and highly weathered Ultisols, with clayey 
or loamy subsoils and kaolinitic or siliceous mineralogy, are 
predominant in the uplands of the Southern Piedmont and 
Coastal Plain (NRCS, 2006). Surface horizon texture typically 
varies from loamy sand to sandy loam in the Coastal Plain, 
and from sandy loam to clay in the Piedmont. Soil texture, 
particularly clay content, infl uences the stabilization of SOM. 
Mechanisms for SOM stabilization include surface complex-
ation with clay minerals and physical protection in micropores 
formed by clay aggregates (Christensen, 1996).

We hypothesized that practical assessment of SOC seques-
tration in pasture and crop lands would be obtained by measur-
ing SOC stocks on farmers’ fi elds. Our objectives were to: (i) 
quantify the differences in SOC stocks and aggregation among 
three primary management systems; (ii) isolate SOC fractions 
with depth; and (iii) determine the effect of climate and surface 
horizon clay content on SOC stocks.

MATERIALS AND METHODS
Site Characteristics and Sampling Procedures

The Southern Piedmont and Coastal Plain MLRAs extend along 
most of the southeastern United States (NRCS, 2006). Mean annual 
temperature ranges from 14°C in the north to 20°C in the south. 
Mean annual precipitation typically exceeds 1000 mm, but is >1400 
mm along the coastlines and in the western portion. Dominant upland 
soils of both MLRAs are Ultisols (e.g., Kanhapludults, Kandiudults, 
Hapludults, Paleudults) with loamy- to clayey-textured argillic or kan-
dic horizons, mesic to thermic temperature regimes, a udic moisture 
regime, and kaolinitic or mixed mineralogy. Most upland Piedmont 
soils have developed on rolling landscapes (peneplains), are well 
drained and moderately permeable, and reside at 100 to 400 m above 
mean sea level. Although most of the land was once cultivated, much 
of it has been converted to pine (Pinus spp.), hardwoods, and pasture. 
Cash crops include soybean [Glycine max (L) Merr.], corn (Zea mays 
L.), cotton (Gossypium hirsutum L.), wheat (Triticum aestivum L.), and 
to a lesser extent tobacco (Nicotiana tabacum L.). In contrast, Coastal 
Plain soils were formed from unconsolidated fl uvio-marine sediments, 
and are located at 25 to 200 m above mean sea level. Much arable land 
is dedicated to cash crops such as cotton, peanut (Arachis hypogaea 
L.), corn, and soybean. Timber production and livestock farming are 
important in the Coastal Plain, and pastures are used mostly for beef 
cattle (Bos taurus).

A total of 29 locations on farms in the Piedmont and Coastal 
Plain MLRAs of Alabama, Georgia, South Carolina, North Carolina, 
and Virginia were sampled between May 2004 and May 2005. Three 
sites (3–5 ha each) differing in land use and tillage management were 
sampled from the same soil map unit (Order 2 NRCS soil surveys) at 
a particular location. Because soils were sampled within the same map 
unit, it was assumed that drainage class, slope, and other associated 
properties were similar across the three sites at each location. We rec-
ognize, however, that at the scale of Order 2 mapping, inclusions occur 
within map units. Three management systems were investigated:

1. CvT cropland, defi ned as a system with inversion tillage 
that buries crop residues. Common practices included 
moldboard or chisel plowing (primary tillage) and 
disking before seedbed preparation (secondary tillage).

2. CsT cropland, consisting of minimum soil inversion 
with >30% residue cover on the surface. Farms that 
incorporated cover crops (e.g., oat [Avena sativa 
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L.] or rye [Secale cereale L.]) in the 
rotation were preferentially sampled; 
this resulted in 18 out of the 29 sampled 
sites having cover crops in the rotation. 
No-till and strip-tillage (noninversion 
in-row subsoiling to disturb a zone 40 cm 
deep and 20–40 cm wide at the surface) 
practices were common.

3. Pastures consisted of perennial grass 
species that were grazed or hayed. Sites 
were long established under a particular 
management; i.e., 5 to 40 yr under CvT, 5 
to 30 yr under CsT, and 10 to 60 yr under 
pasture. There was a broad range of crops 
and related management operations. 

With our analytical survey approach, we were not 
able to determine the specifi c effects on soil responses 
of several key management components, such as cover 
crops, fertilization, weed and pest control, etc. In spite 
of this, the approach allowed us to compare manage-
ment systems (pasture, CsT, and CvT) as a whole for 
their effects on SOC fractions and aggregation. Also, we 
could not quantify the effect of duration of a particular 
management system. Changes in SOC were assumed 
larger during the fi rst few years after a change in tillage 
management. Given that only fi ve out of the 29 sam-
pling locations had management systems with <10-yr 
duration, we assumed the difference in duration of the 
management practices had minimal effect on SOC 
changes. The 29 locations were relatively evenly distributed throughout 
the study area (Fig. 1).

Soil samples were taken after planting, from May to August. 
Before sampling, sites were evaluated to determine representative areas; 
obvious areas of atypical variability were avoided. At each site, eight 
randomized soil core samples (5-cm diameter, 20-cm depth) were 
composited. On croplands, four soil cores were taken within rows 
and four between rows. At the time of sampling, information was col-
lected on crop management history and positions were georeferenced 
with a geographic positioning system. Climate data (precipitation and 
temperature) were obtained by matching the site’s coordinates with data 
(30-yr normals) from the Spatial Climate Analysis Service (2005).

Sample Preparation and Laboratory Analyses
Soil cores were cut at 0 to 5, 5 to 12.5, and 12.5 to 20 cm and 

air dried. Oven-dry bulk density was determined for each depth by 
calculating mass per unit volume (Blake and Hartge, 1986). Air-dry 
samples were then gently crushed and passed through a 4.75-mm 
screen. Stones (>4.75 mm) were removed from the soil samples. A 
subsample was oven dried (105°C, 24 h) to obtain a correction factor and 
express analytical results on an oven-dried basis. All analytical procedures, 
except C determination, were performed on <4.75-mm soil samples.

Particulate organic C, SMBC, and CMIN were determined fol-
lowing the procedure of Franzluebbers et al. (2000a). Briefl y, duplicate 
subsamples (35 and 65 g for 0–5- and 5–20-cm depths, respectively) 
were moistened to 50% water-fi lled pore space and incubated at 25 ± 
1°C in 1-L canning jars containing vials with 10 mL of 1.0 mol L−1 
NaOH to absorb CO2, and small vials containing water to maintain 
humidity. Alkali traps were replaced at 3 and 10 d, and removed at 24 
d for C mineralization determination. Evolved CO2 was determined 

by titration of alkali with 1.0 mol L−1 HCl. At 10 d, a subsample 
was removed, fumigated with chloroform, and incubated separately 
for another 10 d under the same conditions to determine the fl ush 
of CO2 representing microbial biomass C according to the equation 
(Voroney and Paul, 1984)

– 1
2 fumigated cSMBC (mg CO C kg  soil) /k−=  [1]

where kc = 0.41. The particulate organic fraction was determined 
from the fumigated subsamples at the end of the 10-d incubation 
period. Subsamples were shaken in 100 mL of 0.1 mol L−1 Na4P2O7 
for 16 h; the suspension was diluted to 1 L with distilled water and 
allowed to settle for 5 h. Clay content was determined with a hydrom-
eter. The soil suspension was then passed through a 0.053-mm screen 
and the retained sand-sized material transferred to a drying bottle and 
weighed after oven drying at 55°C for 72 h. Soil C determined on this 
fraction was considered POC.

For soil C, 25-g subsamples were fi nely ground (<250 µm) on an 
apparatus similar to Kelley (1994). Determinations followed the dry 
combustion method of Nelson and Sommers (1982) using a LECO 
carbon analyzer (LECO Corp., St. Joseph, MI). Each batch contained 
49 samples; precision and accuracy were calculated by duplicate anal-
ysis on 10% of the samples and by introducing a LECO reference 
standard and a check soil in each batch. Calculated errors were <5%, 
therefore it was not necessary to repeat analysis on any batch. All soils 
were acid without carbonates, therefore it was assumed that total C 
was equivalent to organic C.

Dry-stable and water-stable aggregate distributions were deter-
mined on the 0- to 5-cm samples following a procedure similar to 
Franzluebbers et al. (2000b). Dry stability was determined by placing 

Fig. 1. Location of Piedmont and Coastal Plain Major Land Resource Areas and sam-
pling sites.
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a 100-g soil sample on the uppermost of a set of sieves (20-cm diam-
eter), shaking for 1 min on a vibrating CSC Scientifi c Sieve Shaker 
(Catalogue no. 18480, CSC Scientifi c, Fairfax, VA), and weighing the 
soil retained on the 1.0-, 0.25, and 0.053-mm screens and that pass-
ing the 0.053-mm screen.

Water-stable aggregate distribution was determined by placing 
the same soil sample used for dry-stable aggregate distribution on the 
uppermost of two sieves (17.5-cm diameter with openings of 1.0 and 
0.25 mm), immersing directly in water, and oscillating for 10 min (20-
mm stroke length, 31 cycles min−1). After the 10-min period, the two 
sieves were removed and oven dried (55°C, 24 h). Water containing 
soil passing the 0.25-mm screen was poured over a 0.053-mm screen 
and the soil rinsed with a gentle stream of water. The soil retained was 
then transferred into a drying tray with a small stream of water. The 
<0.053-mm fraction was calculated as the difference between the ini-
tial soil weight and the summation of the other fractions. All fractions 
were oven dried at 55°C to constant mass. Mean-weight diameter of 
both dry- and water-stable aggregates was calculated by summing the 
products of the aggregate fraction weight and the mean diameter of 
the aggregate classes.

Calculation of Soil Organic Carbon Stocks
Concentrations of SOC were converted to mass per unit area 

for a fi xed depth (0–20 cm) by calculating the product of concentra-
tion, bulk density, and thickness. To account for variation in soil mass 
between samples, “equivalent soil depths” were calculated following 
the method described by Ellert and Bettany (1995). Additional thick-
ness of the subsurface layer required for attaining equivalent soil mass 
was computed as follows:

( ) 2
soil,equiv soil,surf

add
b

0.0001  ha mM M
T

−−
=

ρ
 [2]

where Tadd is the additional thickness of the layer being adjusted to attain 
the equivalent soil mass (m), Msoil, equiv is the mass of the heaviest layer 

(Mg ha−1), Msoil, surf is the mass of the layer being adjusted (Mg ha−1), 
and ρb is the bulk density of the layer being adjusted (Mg m−3).

Calculation of Stratifi cation Ratio
Franzluebbers (2002) defi ned the stratifi cation ratio as a soil 

property at the soil surface divided by the same soil property at a lower 
depth, such as the bottom of the tillage layer. Stratifi cation ratios were 
calculated from soil properties at the 0- to 5-cm depth divided by 
those at 12.5- to 20-cm depth.

Statistical Analysis
Soil properties were analyzed for variance (one-way ANOVA) 

using PROC GLM in SAS (SAS Institute, 2003) with MLRA, loca-
tions nested within MLRA, and management as independent vari-
ables, and soil properties as dependent variables. When indicated, an 
analysis of covariance (ANCOVA) with clay as the covariable was per-
formed to account for the effect of clay content on SOC. The effect of 
mean annual temperature and precipitation on C was analyzed using 
PROC RSREG to test for the signifi cance (P = 0.05) of climate vari-
ables and to examine the structure of the estimated response surface.

RESULTS AND DISCUSSION
Total Soil Organic Carbon Stock

Pasture and CvT soils tended to have lower bulk density 
than CsT soils (0–20 cm), such that an additional layer (1.0 ± 
1.3 cm) was required to attain equivalent soil mass. Soil organic 
C calculated on an equal-mass basis (i.e., adjusted using Eq. 
[2]), however, did not change the comparative values in rela-
tion to SOC on an equal-volume basis. Variation in SOC was 
explained by management (41.6%), clay content (5.2%), and 
mean annual temperature (1.0%).

Total organic C in the 0- to 20-cm layer was affected by 
MLRA (32.2 and 27.0 Mg ha−1 in the Piedmont and Coastal 
Plain, respectively; P ≤ 0.002) and by management (38.9, 27.9, 
and 22.2 Mg ha−1 under pasture, CsT, and CvT, respectively; 
P ≤ 0.001). The interaction between MLRA and management 
was not signifi cant. These SOC values agreed with published 
data. Across several studies, SOC to an average depth of 18 cm 
in the Piedmont and Coastal Plain regions was 24.4 Mg ha−1 
under CsT and 21.1 Mg ha−1 under CvT (Franzluebbers, 2005). 
Data for SOC under pasture are rare, but our results were simi-
lar to the 37.8 and 35.3 Mg ha−1 reported by Franzluebbers et 
al. (2000a) and Fesha et al. (2002) for long-term pastures (20-
cm depth) in the Piedmont of Georgia and the Coastal Plain of 
Alabama, respectively. Thus, the use of conservation tillage and 
pastures is an effective strategy for restoring C stocks in agri-
cultural systems in these MLRAs. Restoration of higher levels 
of SOC is crucial for improvement of soil structure, soil fertil-
ity, and crop production, and would improve sustainability of 
agricultural production.

The surface (0–20 cm) texture of Coastal Plain soils was 
mostly sand, loamy sand, or sandy loam, while the texture of 
Piedmont soils was primarily sandy loam, sandy clay loam, or 
clay (Fig. 2). When clay content was included as a covariate, 
the difference in SOC between MLRAs was not signifi cant (P 
= 0.9), while differences in SOC among management systems 
remained signifi cant (P ≤ 0.0001). Clay content explained 
35% of SOC variability in CsT systems and 33% in CvT sys-
tems (Fig. 3). All sampled soils except one were upland, well-

Fig. 2. Surface (0–20 cm) texture of soils sampled in the Pied-
mont and Coastal Plain Major Land Resource Areas.
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drained Ultisols. The exception was an upland Alfi sol (Ultic 
Hapludalf ) in the Coastal Plain of Virginia. Ultisols are highly 
weathered, with clay mineralogy dominated by low-activity 
minerals including kaolinite, hydroxy-
interlayered vermiculite, gibbsite, and 
Fe oxides. Greater clay concentration 
could improve water and nutrient reten-
tion, and therefore allow greater input of 
C, resulting in overall greater SOC. The 
mechanism by which clay particles sta-
bilize SOC has not been well elucidated. 
Some research has indicated that min-
eralogy infl uences the mechanisms of C 
stabilization. For example, in soils with 
highly weathered mineralogy, the interac-
tion between positive charges associated 
with oxides and negative charges of clay 
minerals forms strong aggregates that can 
physically protect organic matter (van 
Veen et al., 1984). In soils with mixed 
mineralogy, organic matter may act as 
the primary binding agent for soil aggre-
gates, where the negative surface charges 
of SOM and clay minerals are mutually 
bound to positively charged polyvalent 
metal cations (Edwards and Bremner, 
1967). In contrast, Wattel-Koekkoek et al. 
(2001) concluded that the total amount 
of organic C in the clay-size fraction was 
independent of clay mineralogy.

By fi rst accounting for clay content 
as a covariate (P < 0.0001), temperature 
(P = 0.02) had only a minor infl uence 
on SOC, explaining 1.0% of its varia-
tion. Precipitation did not have a signifi -
cant effect on SOC variation. The range 
of climatic conditions in this study was 
small compared with studies of larger 

geographic regions (Jenny, 1941; Franzluebbers and Steiner, 
2002), which probably limited its infl uence on SOC.

Soil Organic Carbon Fractions
Pastures contained signifi cantly greater SOC than crop-

land at 0- to 5-cm depth (1.9 times greater than CsT and 
3.1 times greater than CvT), but there were no differences 
among management systems at lower depths (5–20 cm). A 
similar management effect was observed for POC, SMBC, and 
CMIN (Fig. 4). Pastures and CsT had less soil disturbance, 
which allowed SOC fractions to accumulate at the surface. 
Aboveground residues decompose more slowly than incorpo-
rated residues because reduced contact with the soil increases 
drying and rewetting and reduces interactions with soil fauna 

Fig. 3. Effect of surface horizon clay content on total soil or-
ganic C (TOC, 0–20 cm) under long-term management as 
pasture, conservation tillage (CsT), and conventional tillage 
(CvT) systems from 87 sites in the Piedmont and Coastal 
Plain Major Land Resource Areas.

Table 1. Pearson correlation coeffi cients among carbon frac-
tions. Samples correspond to 87 sites spanning the Pied-
mont and Coastal Plain Major Land Resource Areas.

SOC POC SMBC CMIN
Total organic C (SOC) – *** *** ***
Particulate organic C (POC) 0.87 – *** ***

Soil microbial biomass C (SMBC) 0.95 0.85 – ***
C mineralized in 24 d (CMIN) 0.94 0.85 0.96 –

*** Signifi cant at P ≤ 0.001.

Fig. 4. Depth distribution of (a) total soil organic C, (b) particulate organic C, (c) soil mi-
crobial biomass C, and (d) C mineralized in 24 d. Samples correspond to 87 sites in 
the Piedmont and Coastal Plain Major Land Resource Areas.
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and microbes. The average concentrations of total SOC, POC, 
SMBC, and CMIN within the surface 20 cm followed the 
order: pasture > CsT > CvT (P ≤ 0.05) (Fig. 5). Franzluebbers 
and Stuedemann (2002) found similar results comparing long-
term pastures with long-term CsT in the Piedmont of Georgia. 
Greater total SOC, POC, SMBC, and CMIN under pastures 
compared with croplands could be due to a variety of fac-
tors, including a greater overall rate of photosynthetic activity 
resulting in greater C inputs throughout the year (because of 
the growth capabilities of perennial vs. annual plant species), 
and less C exported via cattle production compared with crop 
harvest. The POC/total SOC ratio decreased with soil depth 
in pasture and CsT, but remained fairly constant in CvT. This 
suggests that POC was a larger portion of total SOC at the 
soil surface, probably as a result of the accumulation of plant 
and animal residues, root fragments, and other labile organic 
materials where soil remained undisturbed by tillage opera-
tions. There were no statistical differences in POC/total SOC 
among management systems (data not shown).

Across management systems, sampling depths, and phys-
iographies, there was a strong relationship among all SOC frac-
tions (Table 1). The relationship between POC and total SOC 
(POC = −0.03 + 0.42 total SOC; R2 = 0.75, n = 261) suggests 
that C accumulation in this warm and humid region was largely 
due to increases in the POC fraction; i.e., for every unit of total 
SOC accumulated, 42% consisted of POC. Franzluebbers and 
Stuedemann (2002) reported 57% POC for every unit of total 
SOC under long-term pastures in the southern Piedmont.

Potential C mineralization during 24 d (CMIN) decreased 
with depth (Fig. 4d) and was different among management sys-
tems in the order: pasture > CsT > CvT (P ≤ 0.05; Fig. 5). 
The response in CMIN was similar to that observed for SMBC 
and was strongly related to all SOC fractions (Table 1). At the 
0- to 5-cm depth, C mineralization under pasture was twice 

that under CsT and almost four times that under CvT. Greater 
CMIN under pasture and CsT suggests that less disturbed sys-
tems led to accumulation of potentially mineralizable C sub-
strates.

In soils of the Piedmont, Franzluebbers (1999) observed 
an inverse relationship between CMIN and soil clay content; 
i.e., the clay fraction in soils protected soil organic matter from 
decomposition. In our study, the relationship between CMIN 
and clay content was not signifi cant.

Aggregation
Dry-stable mean-weight diameter (MWD) and aggre-

gate-size distribution (ASD) at a depth of 0 to 5 cm was not 
different among management systems. There was a signifi cant 
impact (P < 0.001) of management on water-stable MWD and 
ASD, however, following the order: pasture > CsT > CvT (Fig. 
6). Comparing dry to wet ASD, differences occurred mainly 
among large macroaggregates (1000–4750 µm). Pasture soils 
withstood disruptive forces during wet sieving better than CsT 
soils, which were more stable than CvT soils. Large macroag-
gregates under pasture were 24% of the whole soil with dry and 
wet sieving, while large macroaggregates under CsT were 24% 
of the whole soil with dry sieving and 17% with wet sieving; 
in CvT, the same aggregate-size class was 22% with dry siev-
ing and 10% with wet sieving. Disruption of macroaggregates 
with wet sieving increased the <53-µm aggregate-size class, i.e., 
silt- and clay-size microaggregates. In pasture soils, disruption 
occurred in the 53- to 250-µm aggregate-size class, resulting in 
an increase in the <53-µm aggregate-size class. Our procedure 
for determining dry- or water-stable MWD did not differenti-
ate between true aggregates and large sand particles that were 
retained on screens, and therefore the stability of macroaggre-
gates was more refl ective of changes in soil structure induced 
by management.

We did not determine C contents of aggregate-size classes, 
but the fact that C contents were in the order: Pasture > CsT > 
CvT (Fig. 4), suggests that SOC was a major binding agent of 
large macroaggregates in these soils. Tisdall and Oades (1982) 
proposed a model that described microaggregates bound 
together into macroaggregates by microbial- and plant-derived 
polysaccharides, as well as roots and fungal hyphae. Reduction 
in macroaggregation has been associated with SOC loss with 
cultivation (Elliott, 1986; Gupta and Germida, 1988).

Slaking, or structural degradation in water, was most 
prominent in soil under CvT. Dispersed soil particles can seal 
pores, reduce infi ltration, and increase runoff. Soil structural 
degradation has been associated with physical disturbance and 
continual exposure to wet–dry cycles that change soil microcli-
matic conditions and increase SOM decomposition (Paustian 
et al., 1997; Balesdent et al., 2000). In contrast, CsT and pas-
ture systems not only minimize these destructive effects, but 
promote plant root and fungal hyphae proliferation, which are 
responsible for macroaggregate formation (Beare et al., 1993). 
Resistance of soil to structural degradation is particularly impor-
tant under the climatic conditions of the Piedmont and Coastal 
Plain, where intense storms are common during the summer.

Clay (phyllosilicates and oxides) and organic matter are 
binding agents of soil aggregates (Tisdall and Oades, 1982; 
Kemper and Rosenau, 1984). Clay content explained 77% of the 

Fig. 5. Effect of pasture, conservation tillage (CsT), and conven-
tional tillage (CvT) on total soil organic C (SOC), particu-
late organic C (POC), soil microbial biomass C (SMBC), and 
C mineralized in 24 d (CMIN) at 0- to 20-cm depth. Error 
bars are LSD (P ≤ 0.05).
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variation in the MWD of dry aggregates, but only 26% of the 
variation in the MWD of wet aggregates (Fig. 7). Total organic 
C explained minimal variation in the MWD of dry aggregates 
and 21% of the variation in the MWD of wet aggregates. These 
data indicated that clay-sized particles played a major role in 
holding dry aggregates together, but that total SOC was more 
important in wet aggregates. Shaw et al. (2003) found that Fe 
oxides played a more signifi cant role in clay aggregation than 
SOM in Rhodic Paleudults, yet SOM has a signifi cant role in 
reducing clay dispersion in these highly weathered southeastern 
Coastal Plain soils (Shaw et al., 2002). Management systems in 
the southeastern United States that maximize SOC appear to 
help maintain favorable soil structure.

Soil Organic Carbon Stratifi cation Ratio
The stratifi cation ratio of SOC fractions (e.g., total SOC, 

POC, SMBC, and CMIN) differed (P ≤ 0.0001) among manage-
ment systems, and was 4.2 to 6.1 under pastures, 2.6 to 4.7 under 
CsT, and 1.4 to 2.4 under CvT (Fig. 8). Stratifi cation of SOC 

fractions is common in natural ecosystems, and high stratifi cation 
refl ects relatively undisturbed soils. Franzluebbers (2002) sug-
gested that the stratifi cation ratio of SOC fractions could be used 
as a simple diagnostic tool to identify land management strategies 
for restoring critical soil functions, and that among soils from a 
diverse geographic region, the SOC stratifi cation ratio might be 
a better indicator of soil quality than the total SOC content of 
the entire plow layer. Stratifi cation >2 has been interpreted as an 
indicator of an undisturbed soil condition or of improving quality 
on previously degraded soils. Our data supported the proposed 
threshold stratifi cation ratio of 2 (i.e., most ratios under CvT were 
≤2, while they were ≥2 under CsT and pasture). Greater SOC 
stratifi cation ratios in pastures and CsT than in CvT was a con-
sequence of SOC accumulation at the soil surface, which should 
have had a positive effect on erosion control, water infi ltration, 
and nutrient conservation. In the southeastern United States, the 
warm, humid climate limits SOC accumulation with depth.

The depths we used for calculation of stratifi cation ratios 
(0–5 and 12.5–20.3) were similar to those used by Franzluebbers 

Fig. 6. Dry-stable and water-stable mean-weight diameter and aggregate-size distribution (0–5 cm) under pasture, conservation tillage 
(CsT), and conventional tillage (CvT) systems. Bars with different letters indicate signifi cant difference in management at P ≤ 0.05. 
Samples correspond to 87 sites in the Piedmont and Coastal Plain Major Land Resource Areas.
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(2002) in south-central Texas, Alberta, and British Columbia. 
In northeastern Ohio, Jarecki et al. (2005) used the 0- to 5- 
and 10- to 20-cm depths and reported stratifi cation ratios <2 
on a fi eld with 14 yr of no-till corn. They attributed this low 
value to the fact that corn root-derived C contributed more to 
SOC than stover-derived C. In southwestern Spain, SOC at 0 

to 5 and 5 to 10 cm divided by that at 10 to 25 cm resulted 
in stratifi cation ratios between CsT and CvT that were not 
signifi cantly different (Moreno et al., 2006). When the 25- to 
40-cm soil layer was used for the denominator, stratifi cation 
ratios were >2 for CsT and signifi cantly greater than for CvT.

The stratifi cation ratio of SOC was related to water-stable 
MWD (Fig. 9a). Although signifi cant variation occurred (R2 = 
0.20), the stratifi cation ratio of SOC under CvT was <2 and the 
lowest water-stable MWD (<1.0) occurred under CvT. Higher 
values of water-stable MWD would be desirable, because it 
would indicate soil structural integrity during heavy rainfall 
events. There was also a signifi cant response of the stratifi ca-
tion ratio of SOC with years under CsT (Fig. 9b). The lowest 
values occurred during the fi rst 5 yr and the response reached a 
maximum about 10 yr after switching from CvT to CsT. Even 
under long-term CsT (i.e., 30 yr), the surface layer (0–5 cm) 
was the zone of concentrated SOC. Although Loveland and 
Webb (2003) suggested that there was little quantitative evi-
dence of a threshold for SOC, stratifi cation ratios of SOC frac-
tions may provide a conceptual framework for evaluating the 
importance of SOC on soil functions related to aggregation, 
water-use effi ciency, and nutrient cycling.

CONCLUSIONS
This on-farm survey of SOC stocks and fractions in the 

southern Piedmont and Coastal Plain MLRAs complements 

Fig. 7. Effect of surface-horizon clay and total soil organic C concentration on (a and b) dry-stable and (c and d) water-stable mean-weight 
diameter of the 0- to 5-cm layer. Samples correspond to 87 sites in the Piedmont and Coastal Plain Major Land Resource Areas.

Fig. 8. Stratifi cation ratio of soil organic C fractions under pas-
ture, conservation tillage, and conventional tillage. Bars 
sharing the same letter within a C fraction are not different 
at P = 0.05. Samples correspond to 87 sites in the Piedmont 
and Coastal Plain Major Land Resource Areas.
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controlled-experiment studies under cultivated systems and 
contributes much-needed data under pastures. Total SOC in 
the 0- to 20-cm layer was greatest under pasture (38.9 Mg ha−1), 
intermediate under CsT (27.9 Mg ha−1), and lowest under 
CvT (22.2 Mg ha−1) (P < 0.001).

All SOC fractions were strongly correlated (r > 0.84) 
across soils and management. The relationship between total 
SOC and POC indicated that SOC accumulation in this warm 
and humid region was largely attributed to an increase in the 
POC fraction; i.e., for every unit of total SOC accumulated, 
42% consisted of POC. A cooler climate and higher surface 
horizon clay content resulted in higher SOC, but these had less 
infl uence than management.

Management affected SOC primarily at the soil surface 
(0–5 cm). Stratifi cation ratios of SOC fractions were in the 
order: pasture > CsT > CvT. Results supported the proposed 
threshold for a stratifi cation ratio of 2 to distinguish soils with 
improved soil quality from degraded soils. The stratifi cation 
ratio as an indicator of soil quality needs further evaluation, 
however, especially regarding the depth of sampling and its 
relationship with other physical, biological, and chemical mea-
surements of soil quality.

Policies that promote sod-based systems and conservation 
tillage will lead to signifi cant SOC sequestration throughout 
the Piedmont and Coastal Plain, resulting in improved soil 
quality and the potential for mitigating CO2 emissions.
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